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Abstract: In this study, we conducted a comprehensive investigation into activated carbons derived
from avocado stones produced through chemical activation using sulfuric acid. The analysis en-
compassed X-ray diffraction (XRD) spectra, FTIR, SEM and essential textural parameters, namely
specific surface area, total pore volume, and micropore volume. Moreover, we scrutinized carbon
dioxide adsorption isotherms and subjected the experimental data to fit with both two-parameter and
four-parameter equilibrium isotherm models. To achieve the most accurate parameter estimation,
five error functions were employed. Furthermore, we calculated the isosteric heat of adsorption for
the most promising CO, sorbent, providing valuable insights into the thermodynamic aspects of the
adsorption process.
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1. Introduction

Over recent decades, the greenhouse effect and consequent climate change have
predominantly arisen due to the excessive release of anthropogenic CO; emissions. Fur-
thermore, the continued utilization of fossil fuels in industrial processes is anticipated to
lead to further escalation of CO, emissions in the forthcoming years [1]. The concentration
of CO; in the atmosphere was equal to 422.04 ppm on 27 July 2023, and this value increased
by 0.80% compared to 27 July 2022 [2]. In light of the imperative to attain carbon emissions
reduction targets, the technology of CO, capture has garnered significant attention.

Ammonia-containing solvents are employed for CO, capture nowadays. However,
these solvents degrade over time, leading to equipment corrosion and challenging regener-
ation after CO, capture [3]. Solid adsorbents and significantly activated carbons have been
identified as promising alternatives to overcome these drawbacks [4].

Presently, there is a considerable and noteworthy focus on activated carbons syn-
thesized from biomass and biomass waste [5]. These materials have become the subject
of significant scientific interest due to their versatile applications, including gas adsorp-
tion [6,7], solution adsorption [7,8], catalytic functionalities [9-11], and supercapacitor
capabilities [12,13], among others.

Commercial avocado applications prioritize the valuable pulp, neglecting the stone
and peel, which end up in landfills. Avocado stones account for about 26% of the fruit’s
weight and are generated at centralized facilities [14]. Despite their starch content, the
stones are unsuitable as livestock feed due to high polyphenol levels, causing bitterness and
potential toxicity. In Mexico, 5% of avocados undergo processing for guacamole, creating
20,000 tons of waste [15]. The potential of avocado waste as an eco-friendly adsorbent or
precursor for activated carbon remains underexplored [15]. Exploring diverse avocado
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waste applications can offer cost-effective, environmentally friendly materials addressing
environmental challenges.

The recent literature highlights the use of avocado stones as a sustainable raw material
for producing activated carbons, which serve as effective adsorbents for various solutions.
For phenol removal, avocado stones were physically activated using CO; at 900 °C [16].
Additionally, ZnCl, activation in a microwave oven was applied to remove resorcinol
and 3-aminophenol from water [17]. Activated carbon produced from avocado stones
exhibited a high adsorption capacity for blue 41 dye after activation with H3POy [18].
Furthermore, for fluorine ion sorption from water, avocado stones were activated using
either N, or CO, at temperatures ranging from 600 to 1000 °C [19]. Another approach
involves sulfuric acid activation at 100 °C, resulting in a material suitable for adsorbing
Cr(VI) ions from water [20]. However, all of the activated carbons obtained from avocado
stones, as mentioned above, exhibited mesoporous characteristics with low surface area
and pore volume. Even with activation by H,SOy, the surface area was only 14 m?/g, and
the pore volume was 0.0323 cm®/g [20].

Other realistic applications related to CO, adsorption on the activated carbon could
include the following;:

e Indoor Air Quality: Activated carbon filters are commonly used in heating, ventilation,
and air conditioning systems to remove CO, and other volatile organic compounds
from indoor air. This helps improve indoor air quality and ensures a healthier envi-
ronment in buildings.

e  Gas Purification: Activated carbon can be used to purify gases, including CO,, by
adsorbing impurities and contaminants. This is crucial in industries such as natural
gas processing, biogas upgrading, and hydrogen production, where high-purity gases
are required.

o  Respiratory Protection: Activated carbon is used in respiratory protection devices,
such as gas masks and respirators, to adsorb CO, and other toxic gases, providing a
safe breathing environment for workers in hazardous conditions.

e  Beverage Carbonation: Activated carbon is used in the beverage industry to remove
CO; from water, allowing for the production of carbonated beverages like soda and
sparkling water.

e  Air Separation: Activated carbon can be used in air separation processes to selectively
adsorb CO; from the air, facilitating the production of high-purity nitrogen or oxygen
for industrial applications.

e Biogas Upgrading: Activated carbon is employed in the upgrading of biogas (produced
from organic waste) by adsorbing CO, and impurities, resulting in a cleaner and more
valuable fuel source.

e  Energy Storage: Activated carbon can be used in energy storage devices, such as super-
capacitors and batteries, to improve their performance by enhancing the adsorption
and release of CO, ions in certain types of carbon-based electrode materials.

o  Water Treatment: Activated carbon is often used in water treatment processes to
remove CO; and other dissolved gases, as well as organic contaminants, making the
water safe for consumption or industrial use.

We present here a novel method for producing activated carbons from avocado seeds,
enabling the creation of microporous sorbents. According to our knowledge, we have
demonstrated, for the first time, the feasibility of employing sulfuric acid as an activator
for avocado seeds, resulting in the production of microporous materials with a relatively
high surface area. The objective was to emphasize the utilization of H,SO; as an activator
and to devise an activation method that could yield higher textural parameters in contrast
to the methodology delineated in reference [20], where H,SO, was similarly employed as
an activating agent.

The primary objective of this research was to comprehensively examine the influence
of both the isotherm type and the method utilized for extracting its parameters on the pre-
dictive outcomes within the models. To achieve this, a meticulous analysis was conducted
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employing a selection of two two-parameter isotherms (Langmuir, Freundlich) and four
three-parameter isotherms (Sips, Toth, Radke-Prausnitz, and UNILAN), coupled with five
distinct error functions. All of these selections were thoughtfully chosen to address this
pertinent matter.

There are works discussing the utility of mathematical adsorption equilibrium models.
However, these calculations often rely on a single error function, typically the sum of
squares of errors (SSE) [21,22]. In our study, we introduce computations that consider five
different error functions, revealing that the widely used SSE method does not perform
effectively in this particular type of mathematical modeling.

2. Materials and Methods
2.1. Sorbent Preparation

Avocados from Peru, packed by Euro West, Holland, were utilized as the carbon
source. Avocado stones were dried and ground to a powder. Activated carbons were
prepared from avocado stone powder. HySO4 was applied as an activating agent. The
mass ratio avocado stone: HySO,4 was equal to 1 and 1.5. The temperature of carbonization
combined with activation ranged from 700 to 800 °C. A vertical furnace with tube diameter
equal to 116 mm was utilized. The heating rate was 10 °C/min, and residence time 60 min.
The weight of the furnace load was 10 g. After carbonization, the samples were washed
with water to remove impurities until a pH of 7 was achieved. They were boiled in 1 M
HCI for 1 min to remove minerals and washed with water until a pH of 7 was achieved.
Then, samples were dried at 190 °C.

2.2. Instruments

X-ray diffraction (XRD) was utilized for the determination of the structural properties
of activated carbons. XRD analysis was accomplished by applying an X'Pert-PRO, Pana-
lytical, Almelo, The Netherlands, X-ray diffractometer. The intensities of diffracted CuKo
X-ray radiation were measured from 10° to 60° 26. SEM pictures were obtained using an
SU8020 Ultra-High Resolution Field Emission Scanning Electron Microscope; Hitachi Ltd.,
Tokyo, Japan.

Activated carbons were also characterized by N sorption at —196 °C using a Sorption
Surface Area and Pore Size Analyzer (ASAP 2460, Micrometrics, Norcross, GA, USA). To
remove the contaminants, samples were heated at a temperature of 205 °C for 16 h.

Specific surface area (SSA) was calculated based on the BET equation. It should be
noted that the Brunauer-Emmett-Teller (BET) model is commonly employed for the deter-
mination of specific surface area in various materials. However, it is important to recognize
that this model is not applicable to microporous materials. In the case of micropores, the
adsorption mechanism differs from that of other materials, as it involves pore filling rather
than the formation of mono- or multilayer coverage. This distinction is well-established
in the scientific community [23]. The solution of this issue was elucidated by Rouquerol
et al. [24]. In a concise summary, the authors outlined the key consistency criteria that need
to be satisfied. These criteria serve as fundamental guidelines for addressing the problem
at hand.

e Itisimperative that the value of the parameter C exceeds zero. This condition, denoted
by the positive y-intercept of the linear region, holds significant importance in ensuring
the validity of the analysis.

e Itis crucial to carefully select the pressure range in which the quantity n(1 — p/po)
exhibits a monotonically increasing behavior with respect to p/po.

e It is essential that the p/pg value corresponding to the monolayer falls within the
linear range that has been carefully selected.

Extensive research has demonstrated that the BET method can indeed be utilized
for the characterization of microporous materials. However, it is imperative to accurately
identify the pressure range for analysis based on the aforementioned consistency criteria.
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These criteria serve as essential guidelines for ensuring the validity and reliability of the
application of the BET method to microporous materials [25,26].

SSA was calculated based on the BET equation in the range p/po where C was the
positive value and the linearity of Equation (1) was fulfilled.

N _1\2
n<1 _ ﬂ) 1, C * Nm M
Po

n—nitrogen amount adsorbed at p/po;

nm—monolayer capacity;

C—factor exponentially related to the monolayer adsorption energy.

Pore size distribution and micropore volumes were calculated by the density functional
theory method (DFT). The total pore volume was calculated on the basis of the highest Np
adsorption (at about p/pg = 1).

Adsorption equilibrium of CO; was achieved using ASAP 2460, Micrometrics Novcross,
GA, USA at the temperature of 0-30 °C and pressure of up to 1 bar.

3. Theoretical Basis and Theoretical Calculations
3.1. The Adsorption Isotherm Equations

Numerous mathematical equations governing the depiction of adsorption isotherms
have been documented and extensively detailed in the scientific literature. These equa-
tions establish a functional relationship between the absolute quantity of adsorbed gas
(q (mmol-g_l)) and the corresponding pressure (p (bar)).

3.1.1. Langmuir Isotherm

The Langmuir isotherm, which was developed to describe gas—solid phase adsorption,
serves as a valuable tool for quantifying and comparing the maximum adsorption capacity
of various sorbents. It is regarded as the simplest and most widely utilized method in
this field. The Langmuir theory assumes a monolayer coverage of the adsorbate, where
adsorption takes place at homogeneous sites with equal adsorption energies. Once an
adsorbate molecule occupies a site, no further adsorption can occur at that particular site.
Consequently, the sorbent exhibits a finite capacity for the adsorbate [27]. The Langmuir
isotherm equation, expressed as Equation (2), encapsulates these fundamental concepts.

_ qupr
1+brp

()

where:
q—the adsorbed quantity under p pressure (mmol-g~—1);
qm1—the maximum adsorption capacity (mmol~g*1) ;
by —the Langmuir constant (bar~!);
p—pressure (bar);
q—the adsorbed quantity under p pressure (mmol-g~1).

3.1.2. Freundlich Isotherm

The Freundlich isotherm is a well-established empirical equation that provides a
description of adsorption processes occurring on heterogeneous surfaces characterized
by varying adsorption energies [27]. The Freundlich equation, expressed as Equation (3),
offers a practical approach to model such adsorption phenomena. It serves as a valuable
tool for analyzing systems where the adsorbent surface exhibits heterogeneity in terms of
adsorption capacities and energies.

q = kep"™ €)

where:
kg—the Freundlich constant (mmol-gfl);
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np—the heterogeneity factor.

3.1.3. Sips Isotherm

The Sips model finds extensive application in describing adsorption phenomena
on heterogeneous adsorbents, such as activated carbons [28]. This model encompasses
characteristics of both the Langmuir and Freundlich isotherms, rendering it suitable for
predicting adsorption behavior on heterogeneous surfaces. Notably, the Sips model exhibits
similarities to the Freundlich model at low adsorbate concentrations and resembles the
Langmuir model at high adsorbate concentrations. This versatility is encapsulated in
Equation (4), which expresses the Sips isotherm model and serves as a valuable tool for
analyzing adsorption processes on heterogeneous surfaces.

b nS
_ ‘177115 sPnS @)
+b5'p

where:
dms—the maximum adsorption capacity (mmol-g’l) ;
bs—the Sips constant (bar~');
ng—the heterogeneity factor.

3.1.4. Toth Isotherm

The Toth isotherm model, introduced by Toth in 1971 [29], is an extension of the Lang-
muir and Freundlich isotherm models. It serves as an additional semi-empirical equation
that aims to overcome certain limitations of these conventional models, particularly in
cases where the adsorption system exhibits heterogeneity. The Toth model can better fit
experimental data across a wider range of concentrations, effectively bridging the gap
between the observed data and the predicted values of equilibrium data. This enhanced
fitting capability proves particularly valuable when characterizing adsorption systems
that display heterogeneity, enabling accurate representation across the entire concentration
spectrum, from low- to high-end boundaries. The mathematical expression of the Toth
equation is as follows (4):

mTb
q= P ©)

(1+ (brpyrmysn
gmr—the maximum adsorption capacity (mmol-g’l) ;

br—the Toth constant (bar~1);
nt—the heterogeneity factor.

3.1.5. Radke-Prausnitz Isotherm

The Radke-Prausnitz model, alternatively referred to as the generalized Toth isotherm,
constitutes an empirical equation extensively employed for delineating the adsorption
behavior of solutes onto solid surfaces. Its inception can be traced back to the work of Radke
and Prausnitz in 1972 [30], where it emerged as an evolved version of the Toth isotherm
model, with the primary objective of enhancing the precision in fitting experimental data
across a broader range of concentrations, especially applicable to adsorption systems
characterized by low adsorbate concentrations.

The model’s particular advantage lies in its ability to adeptly handle scenarios in-
volving low adsorbate concentrations, as it assumes a linear isotherm form in this regime.
This linearity confers the convenience of simplified data interpretation and a more pro-
found comprehension of the underlying adsorption mechanisms. On the converse, as the
adsorbate concentrations escalate, the model progressively approximates the Freundlich
isotherm, thereby effectively capturing the adsorption behavior prevailing in this elevated
concentration domain. This adaptability to transitioning between linear and Freundlich-like
behavior renders the Radke-Prausnitz model versatile and well-suited to cope with ad-
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sorption systems that may exhibit concentration-dependent variations. The mathematical
expression of the Radke-Prausnitz model is as follows (6):

_ qmrp-brpp
17 Wt brppyer ©

qmrp—the maximum adsorption capacity (mmol-g~1);
brp—the Radke-Prausnitz constant (bar—1);
nrp—Radke-Prausnitz model exponent.

3.1.6. UNILAN Isotherm

The Unified Lattice Site Adsorption Non-Ideal (UNILAN) [31] model is founded upon
the premise of a heterogeneous surface, wherein the adsorbent exhibits an array of discrete
active sites, each possessing distinctive adsorption energies. Furthermore, the model
postulates that the distribution of these adsorption sites conforms to an approximately
continuous pattern, giving rise to a continuous spectrum of energy levels available for
adsorption interactions.

In the context of adsorption phenomena, the UNILAN model introduces the concept
of energy distribution to account for the diverse binding strengths between the adsorbent’s
active sites and the adsorbate molecules. This distribution of site energies endows the
model with the capacity to address the complexities that arise from heterogeneous surfaces,
where different sites may manifest distinct affinities for the adsorbate species.

By considering a continuous energy distribution, the UNILAN model exhibits height-
ened flexibility and realism, enabling it to capture the diverse adsorption behaviors that
are observed in various systems. The incorporation of a range of energy levels empowers
the model to more faithfully simulate experimental data, thereby enhancing the accuracy
of predicting adsorption capacities and isotherm shapes. The mathematical expression of
the UNILAN model is as follows (7):

Gmu 1+ buexp(s)-p
1= 5" (1 + byexp(—5)-p @

where:

gmu—the maximum adsorption capacity (mmol-g’l) ;

by—the UNILAN constant (bar1);

s—the constant dependent on the difference between the minimum and maximum
adsorption energy.

3.2. Error Functions

In order to assess the concordance between the aforementioned isotherms and the
empirical data, five distinct error functions, specifically tailored for non-linear models, were
selected. The optimization process involved the estimation of the isotherms’ parameters by
minimizing the respective error functions across the entire range of CO, pressures. Com-
putational calculations were executed using the solver add-in integrated with Microsoft’s
spreadsheet software, Excel 2026.

3.2.1. The Sum of Squares of Errors

The sum of squares of errors (SSE) is a widely employed error function in various
fields, including statistics, optimization, and curve fitting. It is commonly used to quantify
the discrepancy between observed data and the values predicted by a model or theoretical
curve. Despite its widespread use, the SSE has certain limitations. One of the main
drawbacks is its sensitivity to outliers, as the squared differences amplify the impact of data
points that deviate significantly from the model predictions. Additionally, as noted earlier,
the SSE may lead to biased fitting in situations where the model performs well for high
adsorption data but poorly for lower adsorption data. The SSE is calculated by taking the
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squared difference between each data point’s observed value (qe.exp) and the corresponding
value predicted by the model (qe ca1c) for a given set of independent variables (8):

n
SSE = Z (%,calc - qg,exp)? (8)
i=1

where 1 represents the number of experiments.

3.2.2. The Sum of Absolute Errors

The sum of absolute errors (SAE) shares similarities with the SSE metric but differs in
the way it quantifies the discrepancies between predicted and observed values. To compute
SAE, the absolute difference between each observed value and its corresponding predicted
value is taken, and then these absolute differences are summed up across all data points in
the dataset (9):

n
SAE = Z’qg,calc - QE,exp‘i ©9)
i=1

Unlike the SSE, the SAE treats all errors equally, regardless of their magnitude. This
means that the SAE is more robust to the influence of outliers and large errors in the data.
It focuses on the magnitude of the errors rather than their squared values. The parameters
derived from fitting a model using the SAE approach are more adept at achieving improved
fit, specifically within high-value ranges. This is because the SAE does not amplify the
impact of larger errors as the SSE does. As a result, the model’s optimization process tends
to prioritize achieving a better fit for data points with larger values. SAE is particularly
useful when the data contain outliers and to avoid the undue influence of extreme errors.
It provides a more balanced evaluation of model performance, especially when dealing

with datasets that have heterogeneous distributions or contain a wide range of values.

3.2.3. The Average Relative Error

The average relative error (ARE) is a statistical metric used to assess the accuracy and
quality of a predictive model or estimation method, especially when dealing with a wide
range of data values. It is designed to provide a comprehensive evaluation of the model’s
performance by minimizing the distribution of fractional errors across the entire range of
values in the dataset. ARE is a dimensionless metric, and its value represents the average
percentage error of the model’s predictions relative to the actual observed values. It allows
for a fair comparison of the model’s accuracy across different scales and magnitudes of
data, making it suitable for datasets with diverse ranges. The key advantage of ARE is
its ability to offer a balanced assessment of model performance throughout the complete
range of values.

To compute ARE, the absolute value of the ratio between the difference of each
observed value and its corresponding predicted value is taken, and then divided by the
observed value. The sum of these relative errors is then averaged over all data points in the
dataset and multiplied by 100 to express the result as a percentage (10).

ARE — @ z |:qe,calc - Qe,exp:| (10)
i

i3 feexp

3.2.4. Marquardt’s Percent Standard Deviation

Marquardt’s percent standard deviation (MPSD) represents an adaptation of the
geometric mean error distribution, but with a modification that takes into account the
system’s degrees of freedom. It provides a more informative assessment of the goodness-
of-fit than traditional error metrics, such as the SSE. MPSD is normalized by dividing it
by the number of degrees of freedom in the model. The degrees of freedom are generally
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represented by n — p, where n is the number of data points and p is the number of
parameters being estimated in the model (11):

1 d Ge,calc — eexp 2
MPSD = 100 ) ( ’ ' > (11)
L | Ge,exp i

3.2.5. The Hybrid Fractional Error Function

The hybrid fractional error function (HYBRID) is a novel approach developed to
improve the accuracy of fitting experimental data within low-pressure ranges, particularly
in the context of adsorption studies. The HYBRID function is designed as an enhancement
to the sum of squares of errors (SSE) fitting method and provides a refined metric for
evaluating the quality of the fit. The HYBRID function introduces a crucial modification
to the standard SSE approach by incorporating a fractional error term. The squared error
values between the calculated and experimental adsorption quantities are normalized by
dividing each error term by the corresponding experimental value. This normalization step
ensures that the impact of errors is weighted relative to the magnitude of the experimental
data, effectively enhancing the accuracy of fitting within the low-pressure regime (12).

2
- 100 & (qg,calc B Qe,exp)
HYBRID = — ). [ i (12)

—P,3 Jeexp

By employing the HYBRID function, more precise fitting results can be obtained, espe-
cially when working with datasets that contain low-pressure data points. The consideration
of degrees of freedom (p) allows for a more robust optimization process, striking a balance
between fitting the model to the data and avoiding overfitting.

3.2.6. The Sum of Normalized Errors

The analysis of isotherm data using different error functions leads to the determination
of distinct sets of isotherm parameters, making the direct identification of optimal parame-
ters challenging. Furthermore, the choice of error function may favor the recognition of an
alternative model as the most suitable for the data. As a consequence, the selection of an
appropriate error function significantly influences the resultant isotherm parameters.

To enable a meaningful comparison between these parameter sets, researchers often
employ the sum of normalized errors (SNE) as a reliable metric [21,32]. In essence, the
SNE calculation involves dividing the errors obtained for each set of isotherm constants
by the maximum errors corresponding to each error function. Subsequently, a function
is selected based on the lowest value of SNE, indicating the best agreement with the
experimental results. This approach ensures the identification of the most suitable function
that accurately describes the observed data.

By utilizing the SNE, researchers can effectively compare various isotherm models
and their parameter sets on a standardized scale. This metric allows for a fair comparison,
considering the varying characteristics of different error functions and the potential impact
they have on the fitting results. By identifying the function with the lowest SNE, researchers
can better ascertain the most appropriate isotherm model that achieves the best overall fit
to the experimental data.

The selection of an appropriate error function and the use of SNE in the analysis
of isotherm data are essential steps to ensure the reliability and accuracy of the fitted
models. They enable researchers to make informed decisions when choosing the most
suitable isotherm model for a given adsorption system, leading to a more accurate rep-
resentation of the underlying adsorption behavior and aiding in the understanding of
adsorption processes.
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3.3. The Isosteric Heat of Adsorption

One of the fundamental parameters extensively explored in adsorption studies is the
isosteric heat, denoting the ratio of the infinitesimal change in adsorbate enthalpy to the
infinitesimal change in the amount adsorbed. Understanding the heat released during
adsorption is crucial, as this released energy is partitioned between the solid adsorbent
and the surrounding environment. The fraction absorbed by the solid contributes to
an elevation in particle temperature, thereby retarding the adsorption rate due to the
correlation between mass uptake and the cooling rate of the particle during the later stages
of adsorption. Consequently, knowledge of the isosteric heat enables the determination of
whether the adsorption process is of a physical or chemical nature.

The heat of adsorption associated with chemical adsorption exhibits a significant
magnitude, typically ranging from 80 to 400 kJ/mol, whereas physical adsorption is
characterized by a relatively lower heat of adsorption, typically within the range of 20 to
50 kJ /mol.

The isosteric heat can be calculated employing the thermodynamic van’t Hoff equation
as follows:

S (13)
8(7) 0

where:

R is the universal gas constant,

T is the temperature, p is the pressure,

0 is the degree of surface coverage.

In order to calculate isosteric heat of adsorption, Equation (12) can be linearized to the
form (13). The isosteric heat of adsorption is calculated based on the slope value multiplied
by the gas constant (R).

iso 1
In(p)y =~ e L4 (14)

4. Results and Discussion

The average particle size after grinding the avocado stone was 18 pm. Figure 1 shows
an SEM image of a representative particle of dry avocado seed powder. The spherical shape
was observed.

The elemental composition of starting material was determined using the EDX method.
Avocado seeds contained, in addition to carbon: oxygen (21%), magnesium (0.5%), phos-
phorus (0.3%), chlorine (0.5%), potassium (0.3%), and calcium (0.3%). The XRD spectrum
of the avocado stones after drying is shown in Figure 2.

The graphitic structure and the purity of activated carbons were analyzed by the XRD
method. Figure 2 shows the XRD patterns of the samples. Two broad peaks cantered at
about 20 = 23 and 43° were observed. The broad peaks indicated a highly disordered carbon
structure, which is typical for activated carbons. The observed diffractogram peak positions
and their respective widths at half height exhibited remarkable congruence, underlining the
similarity of the structure and degree of disorder among the investigated carbon materials.

Two sharp peaks at diffraction angles of 28.3° and 40.5° were observed in the diffrac-
tion pattern of all activated carbons. A third small peak was present at 20 = 50.2° for the
C_H2504_1.5_750. The peaks were identified as corresponding to KCI (JCPDS 04-0587).
Both potassium and chlorine were present in the starting material. KCI peaks were absent
on the XRD spectrum of dry seeds. Most likely, KCI crystallization occurred as a result of a
series of reactions that occurred during carbonization combined with chemical activation.
Based on the different heights of the KCI peaks, it can be assumed that the formation of
KClI depends on both the temperature and the amount of sulfuric acid.
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I
ZUT_SUS8000 5.0kV 4.3mm x5.00k SE(UL)

Figure 1. SEM picture of dry avocado seed particle.

—— C_H2804_1.5 700
—— C_H2804_1.5 750
——C_H2504_1.5 800
—— C_H28504_1_750

——dry stones

Intensity (a.u)

10 15 20 25 30 35 40 45 50 55 60

26 (°)

Figure 2. XRD patterns of activated carbons prepared from avocado stones and activated by HySOj.
Black bars indicate KCI patterns according to JCPDS 04-0587.

The yield of activated carbons depended strongly on the amount of sulfuric acid used
(Table 1). At a mass ratio of avocado to acid equal to 1, the yield was 21%. Increasing
the amount of acid to 1.5 caused the yield to drop by about half. The temperature of
carbonization combined with activation in the range of 700 to 800 °C did not affect the
production yield of activated carbon.



Sustainability 2023, 15, 16881 11 of 28

Table 1. The yield of activated carbons prepared from avocado stones and activated by HySOj.

AC Yield
C_H2504_1_750 21%
C_H2504_1.5_700 10%
C_H2504_1.5_750 10%
C_H2504_1.5_800 11%

The FTIR spectrum provides valuable insights into the types and amounts of func-
tional groups on the carbon’s surface, which can influence its adsorption properties. Typical
functional groups found on activated carbons were observed (Figure 3). The O-H stretching
vibrations were observed in the range of 3200-3600 cm~!. Aliphatic C-H stretching vibra-
tions were identified at approximately 2920 cm~!. Carbon—carbon (C-C) bonds, typical for
activated carbons, were observed at 1600 cm~!. At 1450 cm ™1, stretching vibrations of the
CH2 groups were also detected. Bands at 1090 cm ™!, associated with C-O stretching vibra-
tions, indicated the presence of various oxygen-containing functional groups, including
ethers, alcohols, and phenolic groups.

——C_H2S04_1_750
—— C_H2S04_1.5_800
———C_H2S04_1.5_750
——C_H2S04_1.5_700

Transmittance [%]
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T

T
4000 3500

T T T T T

T T T T T
3000 2500 2000 1500 1000 500

Wavenumber [cm™]

Figure 3. FTIR study of activated carbons prepared from avocado stones and activated by HySOj4.

Polar functional groups on the activated carbon surface, such as hydroxyl (-OH),
are crucial for CO, adsorption. CO, molecules can form weak chemical bonds (such as
hydrogen bonding) with these polar groups, enhancing their adsorption capacity.

Isotherms of nitrogen adsorption at 77 K are depicted in Figure 4. All of the isotherms
exhibit a swift rise at low p/pg pressure values, suggesting that the activated carbons
derived from avocado stones and activated by H,SO, are microporous materials. Notably,
hysteresis loops for all samples appear exceedingly narrow, occasionally even imperceptible,
without adequate magnification. The presence of these hysteresis loops indicates the
coexistence of mesopores alongside the micropores.
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Figure 4. N, adsorption—desorption isotherms on activated carbons prepared from avocado stones
and activated by H,SOy4.

All of the nitrogen adsorption isotherms depicted in Figure 1 can be classified as type
I according to the IUPAC classification or, more precisely, type la [33]. This pattern is
indicative of an ordered microporous material. The slight hysteresis loops observed in
the examined coals were of the H4 type, which is associated with the presence of slit-like
mesopores [34].

The data presented in Table 2 confirm the conclusions drawn from the figure. They
indicate the presence of micropores (approximately 80% of all pores) and mesopores.
The specific surface area of the adsorbents ranged from 538 to 636 m?/g. The highest
surface area, total pore volume, and micropore volume were observed for the material
carbonized at the temperature of 750 °C with the ratio of activator to carbon source equal
to 1.5 (C_H2504_1.5_750). Changes in the carbonization temperature and the ratio of the
activator to the carbon source led to a decrease in the textural parameters.

Table 2. Textural parameters of activated carbons prepared from avocado stones and activated by
H,SO4 and CO, adsorption at a temperature of 0 °C and pressure of 1 bar.

AC SSA Viot Vmic qcoz
(m2.g~1) (cm3.g~1) (em3.g—1) (mmol-g~1)

C_H2504_1_750 538 0.217 0.175 3.34

C_H2504_1.5_700 596 0.248 0.198 3.64

C_H2504_1.5_750 636 0.258 0.209 3.78

C_H2504_1.5_800 566 0.236 0.188 3.64

Analyzing the effect of temperature on textural properties, it was found that the
highest values for specific surface area, pore volume and micropores were obtained for
the average temperature carbonization combined with activation, i.e., 750 °C. A lower
temperature (700 °C) was too low for the development of sufficient porosity. At the higher
temperature (800 °C), the porous structure that formed was partially degraded. Reducing
the amount of activating agent, i.e., sulfuric acid, led to a decrease in the values of textural
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parameters. Too low an amount of activating agent did not allow sufficient development of
the porous structure.

On the basis of values from the Table 3, we can assume that the Rouquerol criteria
have been met and the BET equation can be applied for these activated carbons.

Table 3. The relative pressure range for linear BET region (RPR), constant that characterizes the
strength of the adsorption energy (C), monolayer capacity (nm) and standard deviation (R?).

AC RPR C; Nm R?
C_H2S04_1_750 1.17 x 10~7-0.0574 12,096 0.0246 0.99996
C_H2S04_1.5_700  1.10 x 10~7-0.0722 64,334 0.0271 0.99997
C_H2504.1.5.750  1.03 x 1077-0.0633 51,118 0.0291 0.99999
C_H2S04_1.5_800  0.98 x 10~7-0.0709 13,599 0.0259 0.99997

Figure 5 shows the pore size distribution determined by the DFT method based on
nitrogen adsorption measurements. The method allows for determining the content of
pores with diameters in the range of 0.3-30 nm. However, no significant pore volume with
diameters larger than 2 nm was observed. Therefore, in Figure 5, on the x-axis, a range up
to 3 is presented. The highest pore volume was observed for small micropores in the range
of 0.3-0.6 nm.

1.0
—C_H2S04 1.5 700
0.8 — C_H2S04_1.5 750
~ — C_H2S04_1.5_800
IE C_H2504_1_750
c
~ 0.6 1
=
=
2,
= 041
o
>
°
0.2 4
0.0 T g T e —— g T

0.5 1.0 1.5 2.0 25 | 3.0
Pore Width (nm)

Figure 5. Pore size distribution of activated carbons, prepared from avocado stones and activated by
H,SOy4, determined using the DFT method based on N sorption at a temperature of 77 K.

Figure 6 shows SEM images of the obtained activated carbons Their morphology was
very similar and significantly different from the starting material. The SEM images show
macropores that serve as the initial conduits within porous materials, and they frequently
bifurcate into smaller structures known as mesopores. These mesopores, in turn, exhibit a
branching pattern, further subdividing into even smaller entities called micropores. This
hierarchical arrangement of pores plays a crucial role in determining the material’s overall
surface area and its capacity for various adsorption processes.
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Figure 6. SEM pictures of activated carbons prepared from avocado stones and activated by H,SOy.

Activated carbons were tested for their CO, adsorption capabilities. The experiments
were conducted at a temperature of 0 °C and a pressure to 1 bar. The results are depicted in
Figure 7. For all of the activated carbons, the CO, adsorption isotherms at 0 °C exhibited
a similar pattern, showing rapid growth at low pressures followed by a more gradual
increase at higher pressures. Table 2 lists textural parameters of activated carbons prepared
from avocado stones and activated by H,SO4 and CO; adsorption at a temperature of 0 °C
and pressure of 1 bar..

The highest CO, adsorption, under a pressure of 1 bar, was achieved using acti-
vated carbon obtained at a temperature of 750 °C, with a mass ratio of H,SO, to avocado
seed equal to 1.5. The adsorption of carbon dioxide on C_H2504_1.5_750 was equal to
3.78 mmol/g.

Table 4 presents a summary of CO, adsorption outcomes for activated carbons derived
from diverse carbon sources. While our CO, adsorption results may not claim the top posi-
tion, they remain competitive when juxtaposed with outcomes from alternative materials.

Experimental data of CO, adsorption isotherms (Figure 7) were analyzed using the
Langmuir, Freundlich, Sips, Toth, Radke-Prausnitz, and UNILAN equations. The param-
eters of these isotherm models were determined through non-linear regression analysis.
To assess the quality of the model fit to the experimental data, the following error meth-
ods were employed: SSE, SAE, ARE, MPSD, HYBRID and SNE. The detailed results are
presented in Tables 5-10.
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Figure 7. CO, adsorption isotherms over activated carbons prepared from avocado stones and
activated by HySOj.

Table 4. CO, adsorption of various carbons at 1 bar and 0 °C.

AC qcoz2 Ref.
(mmol-g—1)

ordered mesoporous carbon 3.0 [35]

AC from waste CDs 43 [36]

organic framework polymers with intrinsic microporosity 29 [37]

AC from mask waste 3.9 [38]

AC from garlic peel 4.33 [39]

AC from polypodium vulgare 9.09 [40]
C_H2504_1.5_750 3.78 this work

Table 5. Langmuir isotherm constants with error analysis.

SSE HYBRID ARE MPSD SAE
C_H2504_1.5_700
qmL 4.1396 4.0108 4.0599 3.8311 4.1961
br 5.6933 6.4151 6.0224 7.5065 5.3437
SSE 0.2874 0.3398 0.3049 0.5883 0.3047
HYBRID 0.7049 0.6137 0.6481 0.7710 0.8399
ARE 4.6770 4.6078 4.5584 5.1271 4.9540
MPSD 8.7232 7.4122 8.1176 6.7313 9.6840
SAE 2.5787 2.9454 2.7025 3.8249 2.5258
SNE 3.8150 3.7424 3.7239 4.6130 4.1445
C_H2504_1.5_750
qmL 4.3761 4.2379 4.2720 4.0387 4.4430
br 5.1578 5.7825 5.5777 6.7595 4.8530
SSE 0.2818 0.3342 0.3081 0.5968 0.2975

HYBRID 0.6854 0.5972 0.6081 0.7605 0.8117
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Table 5. Cont.
SSE HYBRID ARE MPSD SAE
ARE 4.6300 4.5015 4.4710 5.0361 4.8816
MPSD 8.6484 7.3863 7.7575 6.7041 9.5468
SAE 2.5663 2.9018 2.7525 3.8311 2.4999
SNE 3.8116 3.7206 3.6842 4.6391 4.1204
C_H2504_1.5_800
qdmL 4.2261 4.0785 4.1071 3.8651 4.2842
by, 5.0034 5.6674 5.4853 6.7337 4.7188
SSE 0.3042 0.3608 0.3372 0.6514 0.3189
HYBRID 0.7796 0.6812 0.6901 0.8691 0.9056
ARE 5.0449 4.9199 4.8847 5.4671 5.2696
MPSD 9.4393 8.0996 8.4272 7.3646 10.3045
SAE 2.6598 3.0115 2.8802 3.9726 2.5874
SNE 3.8363 3.7500 3.7160 4.6744 4.1047
C_H2504_1_750
qmL 3.7931 3.6763 3.6948 3.5090 3.8629
by, 5.7175 6.4288 6.1763 7.5358 5.3040
SSE 0.2318 0.2748 0.2585 0.4863 0.2501
HYBRID 0.6310 0.5503 0.5700 0.6971 0.7743
ARE 4.6154 4.5189 4.4939 5.1172 4.9303
MPSD 8.6857 7.4083 7.8769 6.7221 9.7761
SAE 2.3066 2.6294 2.4966 3.4926 2.2464
SNE 3.7425 3.6696 3.6664 4.5879 4.1209
Table 6. Freundlich isotherm constants with error analysis.
SSE HYBRID ARE MPSD SAE
C_H2504_1.5_700
br 3.7765 3.8357 3.8364 3.9283 3.7565
ngp 0.3746 0.3983 0.3891 0.4254 0.3600
SSE 0.2641 0.3289 0.2999 0.5711 0.2938
HYBRID 0.7044 0.5717 0.6075 0.7272 0.9528
ARE 4.4645 4.3515 4.2819 4.8874 4.8673
MPSD 9.2308 7.1611 8.0023 6.2985 11.0834
SAE 2.4138 2.8559 2.6221 3.7092 2.3049
SNE 3.5989 3.4824 3.4679 4.3316 4.1318
C_H2504_1.5_750
br 3.9235 3.9860 3.9937 4.0886 3.9169
ngp 0.3894 0.4136 0.4069 0.4423 0.3799
SSE 0.2701 0.3396 0.3196 0.6165 0.2857
HYBRID 0.7179 0.5792 0.6053 0.7549 0.8756
ARE 4.4910 4.3207 4.2724 4.9472 4.7541
MPSD 9.4794 7.3320 7.9813 6.3902 10.7176
SAE 2.4607 2.8909 2.7188 3.8539 2.3777
SNE 3.6888 3.5200 3.5235 4.4584 4.0414
C_H2504_1.5_800
br 3.7687 3.8236 3.8306 3.9148 3.7615
ngp 0.3940 0.4160 0.4092 0.4423 0.3862
SSE 0.2033 0.2556 0.2401 0.4677 0.2119
HYBRID 0.5636 0.4553 0.4805 0.5952 0.6687
ARE 4.0303 3.9195 3.8527 4.5042 4.2587
MPSD 8.5934 6.6637 7.3250 5.8094 9.5646
SAE 2.1131 2.5113 2.3372 3.3591 2.0615
SNE 3.6997 3.5418 3.5490 4.4975 4.0123
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Table 6. Cont.
SSE HYBRID ARE MPSD SAE
C_H2504_1_750
br 3.4618 3.5185 3.5196 3.6085 3.4509
ng 0.3725 0.3969 0.3881 0.4253 0.3611
SSE 0.2344 0.2929 0.2679 0.5166 0.2516
HYBRID 0.6853 0.5555 0.5870 0.7126 0.8643
ARE 4.5972 4.4740 44144 5.1023 4.9046
MPSD 9.5796 7.4245 8.2444 6.5058 11.0579
SAE 2.2854 2.7010 2.4963 3.5628 2.1966
SNE 3.6555 3.5160 3.5091 4.4129 4.0647
Table 7. Sips isotherm constants with error analysis.
SSE HYBRID ARE MPSD SAE

C_H2504_1.5_700
qms 5.7711 5.6537 5.6668 5.5368 5.8528
bg 1.7087 1.8013 1.7877 1.9011 1.6489
ng 0.6643 0.6754 0.6726 0.6857 0.6557
SSE 0.0015 0.0019 0.0019 0.0031 0.0018
HYBRID 0.0042 0.0033 0.0035 0.0040 0.0067
ARE 0.3262 0.3328 0.3281 0.3583 0.3492
MPSD 0.7206 0.5208 0.5891 0.4569 0.9819
SAE 0.1765 0.2204 0.2115 0.2750 0.1608
SNE 3.4016 3.3607 3.4143 4.0699 4.1441

C_H2504_1.5_750
qdms 6.1293 6.0096 6.0306 5.8760 6.2464
bg 1.6142 1.6951 1.6803 1.7928 1.5405
ng 0.6758 0.6860 0.6844 0.6967 0.6650
SSE 0.0009 0.0012 0.0011 0.0025 0.0012
HYBRID 0.0034 0.0026 0.0026 0.0035 0.0065
ARE 0.2576 0.2774 0.2683 0.3470 0.2754
MPSD 0.7193 0.5256 0.5455 0.4528 1.0411
SAE 0.1160 0.1676 0.1551 0.2518 0.0861
SNE 2.7634 2.8504 2.7578 3.9669 3.6432

C_H2504_1.5_800
qdms 6.2878 6.1586 6.2483 6.0060 6.3468
bg 1.3811 1.4480 1.4003 1.5336 1.3521
ng 0.6510 0.6601 0.6541 0.6703 0.6471
SSE 0.0009 0.0011 0.0010 0.0022 0.0009
HYBRID 0.0033 0.0027 0.0030 0.0035 0.0039
ARE 0.2682 0.2831 0.2657 0.3523 0.2693
MPSD 0.7023 0.5363 0.6260 0.4703 0.7842
SAE 0.1195 0.1595 0.1258 0.2363 0.1095
SNE 3.4111 3.3658 3.2849 44812 3.6600

C_H2504_1_750

qms 5.2072 5.1211 5.1332 5.0266 5.2675
bg 1.7808 1.8604 1.8481 1.9535 1.7277
ng 0.6710 0.6803 0.6788 0.6898 0.6640
SSE 0.0006 0.0008 0.0008 0.0017 0.0008
HYBRID 0.0026 0.0020 0.0021 0.0026 0.0040
ARE 0.2404 0.2602 0.2501 0.3167 0.2425
MPSD 0.6477 0.4783 0.4995 0.4178 0.8331
SAE 0.1015 0.1424 0.1335 0.2050 0.0793
SNE 3.0709 3.1124 3.0323 4.1645 3.6060
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Table 8. Toth isotherm constants with error analysis.

SSE HYBRID ARE MPSD SAE
C_H2504_1.5_700
qmT 7.3626 7.4518 7.4479 7.5398 7.5418
br 11.5644 11.7162 11.7288 11.8271 11.8179
nr 0.4283 0.4235 0.4237 0.4193 0.4193
SSE 0.0005 0.0006 0.0006 0.0006 0.0007
HYBRID 0.0008 0.0007 0.0008 0.0008 0.0008
ARE 0.1521 0.1445 0.1438 0.1462 0.1453
MPSD 0.2403 0.1982 0.1987 0.1876 0.1879
SAE 0.1097 0.1111 0.1103 0.1167 0.1161
SNE 4.7586 4.5043 4.5235 4.7061 4.7145
C_H2504_1.5_750
qmT 7.9270 8.0930 8.1996 8.2306 8.0268
br 9.5614 9.7432 9.7851 9.8510 9.5959
nr 0.4333 0.4254 0.4213 0.4196 0.4293
SSE 0.0004 0.0005 0.0007 0.0007 0.0005
HYBRID 0.0008 0.0006 0.0007 0.0007 0.0008
ARE 0.1544 0.1308 0.1213 0.1276 0.1409
MPSD 0.2823 0.1808 0.1660 0.1574 0.2577
SAE 0.1005 0.1051 0.1083 0.1156 0.0986
SNE 4.4987 3.9022 4.1528 4.2637 4.3508
C_H2504_1.5_800
qmT 8.7711 9.0391 9.0389 9.2420 9.2418
br 10.1906 10.4540 10.4539 10.5989 10.5988
nr 0.3890 0.3800 0.3800 0.3740 0.3740
SSE 0.0008 0.0009 0.0009 0.0011 0.0011
HYBRID 0.0014 0.0012 0.0012 0.0013 0.0013
ARE 0.2138 0.1785 0.1782 0.1754 0.1751
MPSD 0.3461 0.2420 0.2424 0.2227 0.2229
SAE 0.1377 0.1378 0.1377 0.1449 0.1446
SNE 4.6917 4.1384 4.1406 4.3604 4.3605
C_H2504_1_750
qmT 6.5439 6.6690 6.7272 6.7755 6.5748
br 11.3900 11.6316 11.6496 11.7849 11.3837
nr 0.4396 0.4317 0.4288 0.4257 0.4380
SSE 0.0003 0.0004 0.0005 0.0005 0.0004
HYBRID 0.0007 0.0006 0.0006 0.0007 0.0008
ARE 0.1596 0.1445 0.1353 0.1390 0.1511
MPSD 0.2888 0.1899 0.1909 0.1662 0.3063
SAE 0.0905 0.0988 0.1011 0.1093 0.0879
SNE 4.2672 3.8325 4.0776 42051 4.4584

Table 9. Radke-Prausnitz isotherm constants with error analysis.

SSE HYBRID ARE MPSD SAE
C_H2504_1.5_700

qmRP 3.9817 3.9694 3.9803 3.9653 4.0040
brp 11.6182 12.5319 12.2571 13.3617 10.8881
NRp 0.7795 0.7662 0.7674 0.7534 0.7877
SSE 0.0051 0.0065 0.0065 0.0106 0.0064
HYBRID 0.0138 0.0105 0.0113 0.0130 0.0237
ARE 0.6051 0.5521 0.5277 0.6185 0.6664
MPSD 1.3191 0.9139 1.0276 0.7901 1.8416
SAE 0.3365 0.3756 0.3486 0.4788 0.2969

SNE 3.3871 3.1571 3.1670 3.9066 4.2246
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Table 9. Cont.
SSE HYBRID ARE MPSD SAE
C_H2504_1.5_750
qmRP 4.1786 41612 4.1753 4.1541 4.1935
brp 10.3435 11.2477 11.0623 12.0697 10.0088
nRp 0.7730 0.7575 0.7565 0.7429 0.7759
SSE 0.0056 0.0073 0.0082 0.0124 0.0061
HYBRID 0.0153 0.0112 0.0124 0.0143 0.0203
ARE 0.6326 0.6027 0.5785 0.6533 0.6510
MPSD 1.4196 0.9436 1.0499 0.7949 1.7075
SAE 0.3545 0.4266 0.4162 0.5358 0.3314
SNE 3.6628 3.4080 3.5465 4.1673 4.1100
C_H2504_1.5_800
qmRP 4.0004 3.9821 3.9908 3.9748 4.0091
bgrp 11.1757 12.3195 11.9957 13.3284 10.9070
nRp 0.7515 0.7355 0.7361 0.7213 0.7535
SSE 0.0060 0.0077 0.0082 0.0125 0.0062
HYBRID 0.0161 0.0117 0.0135 0.0147 0.0191
ARE 0.6473 0.6094 0.5845 0.6614 0.6670
MPSD 1.4640 0.9587 1.1313 0.8115 1.6575
SAE 0.3537 0.4204 0.4037 0.5234 0.3421
SNE 3.8501 3.5245 3.6921 4.2494 4.1497
C_H2504_1_750
qmRP 3.6519 3.6394 3.6562 3.6355 3.6686
brp 11.4344 12.4184 12.0772 13.2955 10.6864
NRp 0.7847 0.7700 0.7701 0.7563 0.7945
SSE 0.0049 0.0063 0.0072 0.0105 0.0059
HYBRID 0.0148 0.0110 0.0129 0.0138 0.0251
ARE 0.6590 0.6408 0.6166 0.6769 0.7269
MPSD 1.4349 0.9699 1.1429 0.8299 1.9953
SAE 0.3332 0.4033 0.3879 0.4967 0.3024
SNE 3.3546 3.2215 3.4054 3.8956 4.1749
Table 10. UNILAN isotherm constants with error analysis.
SSE HYBRID ARE MPSD SAE
C_H2504_1.5_700
qmuU 28.5616 28.2560 28.6182 27.7548 28.8027
by 0.00002 0.00002 0.00002 0.00002 0.00002
ny 14.4844 14.5285 14.4749 14.5845 14.4267
SSE 0.0082 0.0102 0.0083 0.0217 0.0099
HYBRID 0.0323 0.0283 0.0342 0.0371 0.0438
ARE 0.7968 0.8680 0.7916 1.1254 0.8300
MPSD 2.1543 1.8527 2.2314 1.6781 2.5390
SAE 0.3431 0.4616 0.3267 0.7556 0.3034
SNE 3.1273 3.2268 3.1770 4.5076 3.5948
C_H2504_1.5_750
dmU 30.6979 30.3156 30.6270 29.5799 30.8230
by 0.00002 0.00002 0.00002 0.00002 0.00002
ny 14.3096 14.3587 14.2705 14.3872 14.1976
SSE 0.0105 0.0132 0.0107 0.0307 0.0122
HYBRID 0.0419 0.0366 0.0416 0.0495 0.0544
ARE 0.9075 1.0122 0.8989 1.3338 0.9500
MPSD 2.4884 2.1394 2.4628 1.9225 2.8608
SAE 0.3882 0.5547 0.3786 0.9316 0.3470
SNE 3.0794 3.2050 3.0542 4.5832 3.4819
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Table 10. Cont.
SSE HYBRID ARE MPSD SAE
C_H2504_1.5_800
dmU 29.5915 29.0386 29.7262 28.2814 30.1275
by 0.00002 0.00002 0.00002 0.00002 0.00002
ny 14.1933 14.2669 14.2525 14.4247 14.1297
SSE 0.0205 0.0260 0.0207 0.0587 0.0259
HYBRID 0.0786 0.0674 0.0780 0.0915 0.1135
ARE 1.3366 1.3994 1.3285 1.8252 1.4444
MPSD 3.4086 2.8762 3.3811 2.5659 4.1236
SAE 0.5759 0.7693 0.5688 1.2605 0.4893
SNE 3.0571 3.1114 3.0383 4.4286 3.6201
C_H2504_1_750

dmU 25.8300 25.5779 25.8842 25.1523 25.9724
by 0.00002 0.00002 0.00002 0.00002 0.00002
ny 14.3350 14.3752 14.3402 14.4403 14.2947
SSE 0.0062 0.0076 0.0062 0.0165 0.0068
HYBRID 0.0271 0.0241 0.0277 0.0317 0.0328
ARE 0.7559 0.8461 0.7546 1.1258 0.7717
MPSD 2.0766 1.8064 2.1032 1.6368 2.3190
SAE 0.2979 0.4071 0.2908 0.6856 0.2769
SNE 3.2011 3.3144 3.2234 4.6702 3.5015

Table 5 displays the Langmuir isotherm constants obtained through non-linear regres-
sion for C_H2504_1.5_800, C_H2S04_1.5_750, C_H2504_1.5_700, and C_H2504_1_750
using different error functions. The derived values of constants g, and by, for each mate-
rial are found to exhibit similarity. However, it is noteworthy that the error magnitudes are
relatively high. SNE ranged from 3.6664 to 4.6744. This observation indicates that the Lang-
muir isotherm does not serve as an optimal model for accurately describing carbon dioxide
adsorption on carbons activated by HySOj4. In light of the sum of normalized errors (SNE)
analysis, it is apparent that the parameter sets yielding the most favorable overall Langmuir
fit are based on the ARE. Table 6 presents the Freundlich isotherm constants acquired
via non-linear regression for the experimental conditions denoted as C_H2504_1.5_800,
C_H2504_1.5_750, C_H2504_1.5_700, and C_H2S0O4_1_750. Various error functions were
employed during the regression analysis to assess the goodness-of-fit of the model to the
experimental data. The determined values of the Freundlich constants, br and ng, for each
studied material, display a degree of similarity. Nevertheless, it is essential to acknowledge
that the associated error magnitudes are relatively elevated. The SNE ranges from 3.4679 to
4.4975, which signifies that the Freundlich isotherm model does not provide an optimal fit
for precisely characterizing the process of carbon dioxide adsorption on carbons produced
from avocado seeds activated by HySO4. The analysis of SNE reveals that among the
investigated parameter sets, the HYBRID approach yields the most favorable overall fit for
both C_H2S504_1.5_750 and C_H2S04_1.5_800 in the context of the Freundlich isotherm
model. On the other hand, for C_H2504 1.5 700 and C_H2504_1_750, the ARE error
function demonstrates superior performance in achieving an optimal fit. These findings
suggest that different error functions may be more suitable for specific adsorbent systems,
emphasizing the significance of selecting appropriate error metrics tailored to the unique
characteristics of the adsorption process under investigation.

Table 7 presents the Sips isotherm constants that were determined through non-linear
regression, employing a diverse range of error functions. The derived constants, qmsg,
bs, and ng, exhibit similarity across all error functions, indicating consistent adsorption
behavior across the adsorbents studied. The error magnitudes are relatively low. SNE
ranged from 2.7578 to 4.4812. The SNE values for C_H2504_1.5_750 and C_H2504_1_750
adsorbents are the lowest compared to other models, highlighting the Sips equation’s
efficacy in providing a reasonable approximation to the optimum parameter set. The ARE
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error function provides the most favorable overall fit for both of these materials. For the
other two sorbents, the HYBRID error function proves to be more suitable. These results
underscore the importance of employing specific error metrics tailored to the characteristics
of individual adsorbent systems. Based on the findings, it is recommended to utilize the
Sips isotherm equation for the analysis of experimental data for C_H2504_1.5_750 and
C_H2504_1_750 due to its consistently good fit regardless of the chosen error function. This
conclusion is corroborated by the excellent agreement between the experimental adsorption
isotherm and the Sips equation model, further supporting the suitability of the Sips model
for describing the adsorption process in the study of these materials.

Table 8 presents the Toth isotherm constants obtained through non-linear regression for
C_H2504_1.5_800, C_H2504_1.5_750, C_H2504_1.5_700, and C_H2504_1_750, employing
different error functions. The derived values of qmrT, by and nt for each material show a
degree of similarity. However, it is important to note that the associated error magnitudes
are the highest, with SNE values ranging from 3.8325 t04.7586. This finding suggests
that the Toth isotherm model is the least suitable for accurately describing carbon dioxide
adsorption on carbons activated by HySO4. The analysis of SNE indicates that the parameter
sets yielding the most favorable overall Toth fit are based on the HYBRID.

Table 9 presents the Radke—Prausnitz isotherm constants obtained through non-linear
regression for activated carbons produced from avocado stones activated by HySOy, utiliz-
ing different error functions. Each material exhibits a noticeable degree of similarity in the
determined values of constants qmgrp, brp and ngp. However, it is pertinent to acknowledge
that the associated error magnitudes are relatively low, with SNE values ranging from
3.1571 to 4.2494. These findings collectively indicate that the Radke-Prausnitz isotherm
model does not serve as an optimal representation for accurately describing carbon dioxide
adsorption on carbons activated by H,SOy4. The observed high SNE values suggest that
the model does not adequately capture the complexity of the adsorption process under
investigation. In light of the SNE analysis, it becomes evident that the parameter sets
leading to the most favorable overall Radke—Prausnitz fit are those based on the ARE.

Table 10 presents the UNILAN isotherm constants determined through non-linear
regression, employing a diverse range of error functions. The derived constants, qmu,
by, and s, demonstrate a remarkable degree of similarity across all error functions, in-
dicating consistent adsorption behavior across the studied adsorbents. It is noteworthy
that the error magnitudes associated with the UNILAN model are relatively low, with
SNE values ranging from 3.0383 to 4.6702. Particularly, for the C_H2504_1.5_700 and
C_H2504_1_750 adsorbents, the SNE values are the lowest compared to other models,
highlighting the UNILAN equation’s efficacy in providing a reasonable approximation to
the optimum parameter set. The analysis reveals that the ARE error function yields the
most favorable overall fit for both the C_H2504_1.5_750 and C_H2504_1.5_800 materials.
Conversely, for the other two sorbents (C_H2504_1.5_700 and C_H2504_1.5_700), the SSE
error function demonstrates greater suitability. Based on these findings, it is recommended
to employ the UNILAN isotherm equation for the analysis of experimental data concerning
the _H2504_1.5_700 and C_H2504_1_750 materials due to its consistent good fit regardless
of the chosen error function. This conclusion is further supported by the excellent agree-
ment between the experimental adsorption isotherm and the UNILAN equation model,
reaffirming the suitability of the Sips model for accurately describing the adsorption process
in the study of these materials.

Figure 8 shows the analysis of adsorption isotherms and the error function used for
the calculations of the best CO, sorbent, i.e., C_H2504_1.5_750.



Sustainability 2023, 15, 16881

22 of 28

o

Errp

I |
dv‘e/?rau‘-’"‘“z
ra
onnAT

~totn

s

\,a\"gmu“

< X
2 °

¥ reu"‘d\-‘cx\
[{3]

w

% %
>

Figure 8. Analysis of adsorption isotherms and the error function used for C_H2504_1.5_750. The
best result is marked by red circle. Bars: red: SSE, green: HYBRID, marina: ARE, blue: MPSD,
magenta: SAE.

It was found that the Sips equation described the adsorption data in the best way. The
most appropriate error function was ARE.

Figure 9 presents the results of model fitting for CO, adsorption on C_H2504_1.5_750
at 0 °C using different error functions for the following models: Langmuir, Freundlich,
Sips, Toth, Radke-Prausnitz, and UNILAN. It is evident that the Langmuir and Freundlich
models are significantly inferior, while the Sips model performs the best.

The CO, adsorption investigations over C_H2504_1.5_750 at higher temperatures
ie., 10, 20, and 30 °C, were performed (Figure 10). An increase in the CO, adsorption
temperature leads to a decrease in CO; adsorption, indicating the physical nature of CO,
adsorption on C_H2504_1.5_750.

It was found that the adsorption data presented in Figure 10 can be described by the
Sips equation.

The Sips model coefficients for different temperatures for C_H2504_1.5_750 are pre-
sented in Table 11. The maximum adsorption value (qms) decreases with an increase in tem-
perature. This also confirms the physical nature of CO, adsorption over C_H2504_1.5_750.

Table 11. The Sips model coefficients for different temperatures for C_H2504_1.5_750.

Temperature dms bg ng
Q) (mmol-g—1) (bar—1)
0 6.2464 1.5405 0.6650
10 5.4363 1.4067 0.7056
20 49142 1.2715 0.7451

30 4.4258 1.1413 0.7792
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Figure 9. CO, adsorption data at temperature 0 °C for C_H2504_1.5_750 and fitting curves for

different models and error functions.
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The coefficients within the Sips Equation (4) exhibit temperature dependency de-
scribed by Equations (15)—(17):

Gms = qmo-exp {X <1 - TTOH (15)
bs = boexp L?T (7:;9 - 1>} (16)
nS:nO—i—oc(l—?) (17)

By plotting In(qms) vs. T, In(bs) vs. 1/T and ng vs. 1/T, linear functions are supposed
to be obtained.

The functions depicted in Figure 11 exhibit a linear course. R-squared for each function
yielded a value greater than 0.99. This confirms that the Sips equation accurately describes
CO;, adsorption, not only at 0 °C but also within the temperature range of 0 °C to 30°.

The value of the isosteric heat of adsorption (Qjs,) is essential for characterizing
the interactions between the adsorbent and the adsorbate, providing information on the
adsorption strength. A higher Qjs, value indicates a stronger interaction between the
adsorbate and the adsorbent. However, it also results in a higher cost of regeneration. The
isosteric heat of adsorption was calculated using Equation (14). To determine the pressure
values for a given degree of surface coverage, the Sips Equation (4) was transformed
appropriately (18).

1

0 ng
M= 1o

where 6, the degree of surface coverage, is defined as (19):

q
0=— 19
qms ( )
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Figure 11. Set of plots for In(qmg) vs. T, bg vs. 1/T, and ng vs. 1/T according to Equations (15)-(17).
Points on the basis on the Table 11.

Parameter values in the Sips equation (qms, bs, ng) are derived from Table 11. Isosteric
graphs, i.e., the relationship between In(p)g and 1/T for temperatures in the range of
0-30 °C are presented in Figure 12. On the basis of the values of the slope coefficients of the
drawn straight lines, the values of the isosteric heat of adsorption for C_H2504_1.5_750
were calculated depending on the degree of coverage (14).

The values of the isosteric heat of CO, adsorption for C_H2504_1.5_750 as a function
of the degree of surface coverage are shown in Figure 13.

The values of isosteric heat ranged from 28 to 38 k] /mol for surface coverages from
0.035 to 0.005. These values definitely confirm the physical nature of CO, sorption on
activated carbons. The isosteric heat of adsorption decreased with surface coverage. The
greater the surface coverage, the weaker the interaction between carbon dioxide and
activated carbons. Carbon dioxide is bound to the surface of activated carbons by van der
Waals forces and can be easily desorbed. The isosteric heat of CO, adsorption on the tested
material was low, which makes C_H2504_1.5_750 a potentially useful CO, sorbent.
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Figure 13. Isosteric heat of CO, adsorption for C_H2504_1.5_750 at different degrees of surface
coverage. Points were calculated on the basis of Figure 12.
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5. Conclusions

The influence of the temperature of carbonization combined with chemical activation
and the amount of activating agent on the porosity of activated carbon derived from
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avocado stones, activated by H,SO4 and CO, adsorption, is noteworthy. To achieve the
production of adsorbents suitable for CO2 capture, a judicious choice of carbonization
combined with chemical activation temperature and amount of HySO; is crucial. Notably,
a relatively moderate temperature of 750 °C and mass ratio of HySO4: dry avocado stones
proves essential.

The investigation demonstrated the significant impact of both the isotherm type
selection and the employed error function for parameter extraction on the predictive
efficacy of the models. The adsorption equilibrium of CO, on activated carbons derived
from avocado stones through sulfuric acid activation lends itself well to accurate description
using the Sips and UNILAN equations. In pursuit of precise calculations, the adoption of
the ARE and HYBRID error functions is recommended for optimal model performance.
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